Glioblastoma multiforme (GBM) is the most common type of primary brain tumor and a highly malignant and heterogeneous cancer. Current conventional therapies fail to eradicate or curb GBM cell growth. Hence, exploring the cellular and molecular basis of GBM cell growth is vital to develop novel therapeutic approaches. Neuroglia (NG)-2 is a transmembrane proteoglycan expressed by NG21 progenitors and is strongly linked to cell proliferation in the normal brain. By using NG2 as a biomarker we identify a GBM cell population (GBM NG21 cells) with robust proliferative, clonogenic, and tumorigenic capacity. We show that a significant proportion (mean 83%) of cells proliferating in the tumor mass express NG2 and that over 50% of GBM NG21 cells are proliferating. Compared with the GBM NG22 cells from the same tumor, the GBM of NG21 cells overexpress genes associated with aggressive tumorigenicity, including overexpression of Mitosis and Cell Cycling Module genes (e.g., MELK, CDC, MCM, E2F), which have been previously shown to correlate with poor survival in GBM. We also show that the coexpression pattern of NG2 with other glial progenitor markers in GBM does not recapitulate that described in the normal brain. The expression of NG2 by such an aggressive and actively cycling GBM population combined with its location on the cell surface identifies this cell population as a potential therapeutic target in a subset of patients with GBM.
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1,2 The current clinical management of patients diagnosed with GBM involves a combination of surgery, radiotherapy, and chemotherapy, with radiotherapy as the principal therapeutic modality since the late 1970s. 3, 4 Additional targeted chemotherapy is of only modest benefit, 2, 5 and the need for new treatments has been unmet clinically.
Neuroglia (NG)-2, also known as chondroitin sulphate proteoglycan 4 (CSPG4), is a membrane-bound cell-surface proteoglycan of 450 kDa with a core protein of 250 kDa. It is a phylogenetically conserved protein with important roles in cell proliferation, migration, and angiogenesis. 6 In the normal adult brain, NG2 is expressed by 5% of total neural cells, has a wide anatomical distribution, and identifies more than 70% of cycling progenitors. 7 -11 NG2+ progenitors have the ability to proliferate, self-renew, and produce different types of neural cells under normal 12 -14 and pathologic conditions. 15 -18 Collectively, these characteristics have led to a reevaluation of the lineage potential and function of what have previously been considered unipotent oligodendrocyte precursors. 19 -21 At the cellular level, normal NG2+ progenitors can be identified by the coexpression of NG2 with the transcription factor Olig2, platelet derived growth factor receptor alpha (PDGFRa; a tyrosine kinase receptor), and the ganglioside A2B5. 9,22 -30 Recent data demonstrate that NG2 expression identifies the vast majority of the proliferating cells in the murine and human normal adult brain. 7, 9, 31 In GBM, the expression of these markers (NG2, Olig2, and PDGFRa) has also been reported. 32, 33 However, a detailed description of the proliferative and tumorigenic potential of NG2-expressing cells in GBM (GBM NG2+ cells) and correlation with their parent tumors has yet to be described. Consequently validation of the GBM NG2+ cells as a potential therapeutic target has yet to be established. Furthermore none of these reports have characterized quantitatively the coexpression pattern of markers associated with NG2+ progenitors (Olig2 and PDGFRa) by the GBM NG2+ cells. It is not known if the normal coexpression pattern of these markers reported in the normal CNS is recapitulated in GBM. It is also not known whether GBM samples have a common and distinct pattern of coexpression of these markers.
Therefore, we compared the proliferative, clonogenic, and tumorigenic capacities of the GBM NG2+ and GBM NG22 cells derived from the same GBM sample. We also explored the molecular genetic signature of the GBM NG2+ cells. Finally we screened the prevalence and interrogated the phenotypic identity of the GBM NG2+ cells in GBM.
Materials and Methods

Cell Derivation and Tumor Formation Assay
Tissue samples were obtained in accordance with local ethical guidelines. Cell derivation and the tumor formation assay have been described previously. 33 Briefly, anonymized tissue was mechanically minced and cells were seeded in defined serum-free (SF) media and allowed to form primary aggregates. These spheroid aggregates were collected and plated, without dissociation, onto extracellular matrix (ECM)-coated flasks (ECM 1:10 dilution, Sigma) and allowed to form a primary monolayer. As the primary monolayer approached confluence, cells were passaged to generate the subsequent monolayers. Cells were cultured in 10 mL SF medium (phenol red free Neurobasal A; Invitrogen) with 20 mM L-glutamine and 1% volume/ volume (v/v) penicillin/streptomycin/fungizone (PSF) solution with 20 ng/mL human epidermal growth factor (Sigma), 20 ng/mL basic fibroblast growth factor (R&D systems), 20 ng/mL heparin (Sigma), 2% v/v B27 SF supplement (Invitrogen), and 1% N2 SF supplement (Invitrogen).
Differentiation medium consisted of phenol-free n-butyl acrylate (NBA) with 20 mM L-glutamine, 1% v/v PSF solution, 2% v/v B27, and 1% v/v N2 and was supplemented with 10% v/v fetal calf serum (FCS; Gibco). Differentiation medium contained no mitogens.
Basic medium consisted of phenol-free NBA with 20 mM L-glutamine, 1% v/v PSF solution, 2% v/v B27, and 1% v/v N2. Basic media did not contain mitogens or FCS.
Conditioned media were made by mixing fresh SF medium with medium conditioned with the identical cell line growing for about 1 week. The ratio was 50% SF: 50% conditioned medium. All cultures were incubated at 37.58C in 5% CO 2 .
Cell Proliferation Assay
The CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega) was used. Cells were seeded (3000 cells per well) into 96-well plates precoated with ECM and incubated in 200 mL of defined SF media at 378C. Cells were allowed to grow for 3 different days before assay was started. Solution of 5 mL of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was added into each well. After incubation for 1-2 h, by which the tetrazolium was reduced in the mitochondria to formazan, optical absorbance values at 490 nm from each well were measured using a plate reader (ELx 800; Bio-Tek Instruments).
Values measured from wells containing no cells were considered negative controls. All absorbance values were adjusted to the control by subtracting the absorbance values obtained from the control wells. All the adjusted absorbance values were also normalized to that of the corresponding GBM NG2+ cultures.
Limiting Dilution Analysis
The assay was performed as described by Lefkovits and Waldmann (1999) . Briefly, single cell suspensions from 2 different GBM cell lines were prepared. Cells were seeded by fluorescent-activated cell sorting (FACS) in decreasing densities of 300, 200, 100, 50, 25, and 10 cells per well into 96-well plates. Cells were allowed to grow for 1 week under defined SF culture conditions. Nonresponding wells, defined as those wells that did not contain colonies, were counted and divided by the overall number of wells. The values were plotted on a logarithmic axis against the cell densities (on a linear axis). The average number of colony-forming cells per well for each density was calculated and Poisson distribution was presented as a semilog plot pointing to the 37% intercept that corresponds to the cell density containing 1 colony-forming cell. Accordingly, linear regression was performed, as depicted in Figure 1 .
Animal Transplantation
All animals were housed and maintained in accordance with the UK Animal (Scientific Procedures) Act 1986 and the Cambridge University Commission for Animal Health. Tissue was implanted as single cell suspensions GBM cells were prepared in 50 mL of Hank's buffered salt solution (HBSS) and injected after being mixed with 100-200 mL of ECM into the dermal layer of the hind limbs. For orthotopic intracerebral implantation, dissociated cells were implanted at a density of 5 × 10 4 cells/mL in a total volume of 1 mL HBSS over 5-10 min using a 1-mL microsyringe with a 200-mm needle in a minimally traumatic technique (SGE Europe) into anaesthetized animals (using isoflurane). The implants were made at the following coordinates relative to bregma: anteroposterior +2 mm, lateral (L) +1 mm, and dorsoventral (DV) +2 mm from the skull surface.
Immunochemistry
For the immunohistochemistry protocol, free-floating sections (30 -40 mm thick) were washed with trisbalanced saline (TBS; pH 7.4) twice for 10 min. Antigen retrieval for nuclear markers was performed by 2 M HCl for 20 min at 378C, then the sections were washed 3 times with TBS, permeabilized with 0.2% Triton-X, and incubated with blocking buffer for 2 h before the primary antibodies were added for overnight incubation at 48C. Sections were then washed and incubated with secondary antibodies for 2 h at 48C. After further washes, sections were incubated with Hoechst 1:10 000 for 15 min, washed with TBS for 10 min, and mounted on slides using FluorSave TM Reagent (Galbiochem). For the immunocytochemistry protocol, cells were fixed with ice cold ethanol absolute and then washed with phosphate buffered saline (PBS; pH 7.4), incubated with 0.02% Triton-X for 15 min at room temperature, and incubated with blocking buffer for 30 -60 min at room temperature. Block was removed and cells were then incubated overnight with primary antibodies at 48C. After washing and incubating at room temperature with fluorophore conjugated secondary antibodies (goat anti-rabbit and goat anti-mouse), cells were washed again and incubated for 10 min with 1:10 000 dilution Hoechst to label cell nuclei, then were mounted onto borosilicate slides using VectaShield (Vector Labs) and coverslipped. All immunofluorescence was analyzed using either a Leica DM6000B fluorescent microscope or a Leica TCS (true confocal scanner) SPE (spectral) confocal microscope mounted onto an axiovert inverted stage.
Fluorescent-Activated Cell Sorting Analysis
Live cells were suspended in 500 mL FACS buffer (PBS containing 1% FCS and 1% bovine serum albumin) and incubated for 60 min with primary antibodies. Cells were washed before incubating with the appropriate secondary antibodies for 30 min. Finally, cells were washed twice before resuspension and FACS analysis.
For intracellular staining, cells were fixed by incubation with ice cold ethanol at 2208C for at least 20 -30 min. Cells were then washed twice with PBS before being permeablized by 0.02% Triton-X in PBS for 5 min. Cells were washed again with PBS and seeded into 96-well plates, and the primary and appropriate secondary antibodies were added as described above.
The FL1 (for Alex488) and FL4 (for Alexa647) gates were adjusted by the autofluorescent activity of the unlabeled cells (negative control). All labeled cells with fluorescent activity above the values obtained from the negative control were considered positive.
FACS was performed using a Moflo Cell Sorter (Beckman Coulter) and Summit software. FACS analysis was performed using a FACSCalibur flow cytometer (Becton Dickinson). Data analysis and quantification were performed using Cell Quest software (Becton Dickinson) and FCS press (Ray Hicks). Table 1 summarizes the primary and secondary antibodies used for immunohistochemistry and immunocytochemistry in this study. Antibody concentrations used for FACS and flow cytometry analysis were similar to those used for immunocytochemistry.
Antibodies
DNA and RNA Purification and Comparative Genomic Hybridization
DNA and RNA were extracted using the Allprep DNA/ RNA kit (Qiagen) according to the manufacturer's instructions. Final concentration and purity were assessed using the Nanodrop system.
Comparative genomic hybridization (CGH) of a whole genome array was constructed as described previously. 34 For array CGH, a set of clones representing sequence at an approximately 1-Mb interval across the whole genome (1-Mb clone set) was obtained from the Wellcome Trust Sanger Institute. Of these clones, 3038 at an average interval of 0.97 Mb were used for analysis. Cloned DNA was extracted and then amplified with 3 degenerate oligonucleotide primers (DOPs). Products of DOP PCR were then amplified with a 5 ′ amine primer and spotted onto amine-binding slides. Testand sex-mismatched reference DNA were labeled with Cy5-and Cy3-dCTP (a fluorescent dye + deoxycytidine triphosphate), respectively, using a Bio Prime labeling kit (Invitrogen) and hybridized to arrays that had been prehybridized to minimize nonspecific binding and binding to repetitive sequence. Arrays were scanned with an Axon GenePix 4100A device and signalquantified with GenePix Pro 6.1 software (Molecular Devices). Spots with poor morphology or with low intensity compared with Drosophila controls were excluded. The test/reference signal ratios of the 
remaining spots were normalized against all autosomal clones within each subarray and the duplicates were averaged. The log 2 value of the normalized ratio (log 2 ratio) was plotted on the abscissa against clones on ordinate. All analysis was performed using Microsoft Excel.
Expression Microarray Platforms and Data Analysis
Screening of GBM samples for whole-genome expression was performed using 
Statistical Analysis
Comparisons between 2 groups with one variable were made using a 1-way analysis of variance (ANOVA). This was preceded by testing the normality by the Kolmogorov-Smirnov test. If the normality test failed or the variances of the tested groups were not equal, then rank transformation of the nonparametric data into parametric data was performed before conducting parametric statistical tests. Alternatively, if the rank transformation failed, then a Kruskal -Wallis 1-way ANOVA on ranks was performed. For comparisons between more than 2 groups with one or more variables or treatments, a 1-way or 2-way ANOVA was performed as appropriate. These were preceded by testing the normality by a Kolmogorov-Smirnov test. If the normality test failed, then rank transformation of the nonparametric data into parametric data was performed before conducting parametric statistical tests. Alternatively, the nonparametric data were rearranged to conduct a Kruskal -Wallis 1-way ANOVA on ranks. Post hoc studies of the Holm -Sidak, Tukey, or Dunnett method were run for pairwise comparisons as appropriate. Linear regression was made through the origin, and the coefficient of determination R 2 , the corresponding equation, and the 95% confidence intervals were provided.
All error bars generated and depicted in the figures represent standard error of means. An alpha level of less than .05 (P , .05) was used for statistical significance in all tests. All statistical analysis was performed using Microsoft Excel and Sigma Stat software and all diagrams were generated using Sigma Plot software (Systat).
Results
GBM NG2+ Cells Show Higher Levels of Cell Proliferation Compared With GBM NG22 Cells
We first addressed this issue using our GBM cell lines derived and maintained under defined SF conditions according to our protocol. 33 We have previously demonstrated that our cell lines are an improved model system for GBM compared with traditional cell lines because of a close recapitulation of the molecular genetic characteristics of the parent tumor. We have also shown that our cell lines endogenously express NG2 (in addition to Olig2, PDGFRa, and A2B5 34 ; Supplementary Material, Fig. S2 ).
Using FACS, GBM cell lines were sorted based on their expression of NG2, and equal numbers of cells from the GBM NG2+ and GBM NG22 fractions were cultured under identical conditions. We examined cell growth in each fraction at day 3 in culture using the MTS assay. 35 All tested cell lines (n ¼ 8) showed that the GBM NG2+ cultures gave higher absorbance signals and optical density values compared with their GBM NG22 counterparts (Supplementary Material, Table S1 , Fig. 1A ; P , .001), suggesting a higher level of cell activity.
To make sure that this observation was due to the generation of more cells rather than to higher intrinsic metabolic activity, we quantified the number of total cells in the GBM NG2+ and GBM NG22 populations after 3 days in culture. When we compared populations from the same sample, we found that the GBM NG2+ cultures from each of 3 different GBM cell lines contained a higher number of cells ( Next, we stained the GBM NG2+ and GBM NG22 cultures for the proliferative marker Ki67 and quantified the Ki67+ cells in each culture (Fig. 1C) . Again, data showed that the GBM NG2+ cultures had a higher number of Ki67+ cells ( Fig. 1C and D Furthermore, the proportion of Ki67+ cells was higher in the GBM NG2+ population ( Fig. 1E ; mean ¼ 44%; range ¼ 39% -46% Ki67+ cells per field) compared with the GBM NG22 population ( Fig. 1E ; mean ¼ 18%; range ¼ 12% -23% Ki67+ cells per field; P , .001).
These data confirm a proliferative advantage in the GBM NG2+ cells over the GBM NG22 cells isolated from the same GBM cell lines.
The Proliferative Advantage of the GBM NG2+ Cells Is Cell Autonomous
Next we asked whether the high proliferative capacity of the GBM NG2+ cells was dependent on, or could be manipulated by, external cues. We isolated the GBM NG2+ and GBM NG22 fractions from 3 GBM cell lines. Then we cultured both fractions under 4 different types of culture media as follows: basic media (NBA + B27 + N2), SF media, conditioned media from the identical cell line, and differentiation media (10% FCS; full details of the components of different culture conditions can be found in the Materials and Methods section). All cell populations cultured under these conditions were evaluated for cell growth after 3 days in culture using MTS assay.
The results showed that the GBM NG2+ cells were more proliferative compared with the GBM NG22 cells under basic conditions (Fig. 2A) , SF conditions (Fig. 2B), conditioned media (Fig. 2C) , and differentiation conditions (Fig. 2D) . The difference was statistically significant in all experiments in Fig. 2A -D (n ¼ 3; P , .001).
These observations indicated that external cues were not the main determinant of the robust proliferative activity of the GBM NG2+ cells, suggesting that the proliferative advantage of the GBM NG2+ population is cell autonomous.
To test this point further, we carried out a clonal evaluation using limiting dilution assay, as described in Materials and Methods. The GBM NG2+ and GBM NG22 cells were seeded into ECM-coated 96-well plates in decreasing densities.
Data analysis confirmed that the GBM NG2+ cultures contained 3-6 times more single cells with colonyforming ability compared with the GBM NG22 cultures ( Fig. 2E and F and Supplementary Material, Table S2 ).
The Proliferative Advantage of the GBM NG2+ Cells Can Be Observed in Clinical Samples
So far, we have provided in vitro evidence that the GBM NG2+ cells were more proliferative compared with the corresponding GBM NG22 cells isolated from the same GBM samples. We confirmed that the proliferative advantage of the GBM NG2+ cells could be observed under different culture conditions. Moreover, we suggested that the proliferative capacity of the GBM NG2+ cells is cell autonomous and showed a higher level of clonogenicity.
However, it is possible that these data represent an artifact of in vitro culture. To validate our observations in vivo we took 10 GBM tumors from 10 patients. Tumors were acutely dissociated into single cell suspensions before being fixed. We then stained these suspensions with antibodies against NG2 and Ki67 and quantified and analyzed the coexpression of these 2 markers using flow cytometry. Similar to our in vitro findings, a large proportion of the GBM NG2+ cells in GBM tumors were Ki67+ (n ¼ 10; mean ¼ 55%; range ¼ 22%-100%; Fig. 3A-D) . Similarly, most GBM Ki67+ cells in GBM tumors were NG2+ (n ¼ 10; mean ¼ 83%; range ¼ 62% -94%; Fig. 3A-D) .
This indicates that the surface proteoglycan NG2 can be used to identify the proliferating compartment in GBM in real time on fresh clinical material.
GBM NG2+ Cells Exhibit Higher Tumorigenic Capability Compared with GBM NG22 Cells
Our data showed a significant difference in the proliferative and clonogenic capacities between the GBM NG2+ and GBM NG22 populations isolated from the same GBM samples.
In the normal adult brain, NG2+ progenitors play an important role in maintaining the brain tissue under normal and pathologic conditions. We therefore asked whether the GBM NG2+ cells would have a similar role in tumor maintenance. In addition, the involvement of the GBM NG2+ cells in GBM cell proliferation, which is one of the most fundamental hallmarks of cancer, identifies these cells as strong candidates to be involved in cancer growth and maintenance. This led us to evaluate and compare the in vivo tumorigenicity of the GBM NG2+ and GBM NG22 populations isolated from the same GBM sample.
For initial screening purposes, we separated the GBM NG2+ and GBM NG22 populations using FACS from 3 GBM cell lines and immediately implanted the cells subcutaneously in 12 SCID mice. In all animals, we observed that the GBM NG2+ cells gave rise to subcutaneous tumor masses ( Fig. 4A and C) that were clearly larger than tumor masses from the GBM NG22 cells at 3 months after implantation ( Fig. 4B and C) . These masses were formed by grafted human cells as shown by staining with anti -human nuclei (HN) antibodies (Supplementary Material, Fig. S1 ).
Next, we isolated the GBM NG2+ and GBM NG22 cells from 5 GBM cell lines and implanted them immediately orthotopically into the forebrains of a total of 28 SCID mice (Supplementary Material, Table S3 ). We found tumors generated by the implanted human GBM NG2+ cells in 12 of 14 animals. These were distinguished from host tissue by anti-HN antibodies (Fig. 4D) . In contrast, only 2 of 14 tumors were found Table S3 ), with only narrow scar tissue seen at the site of implantation (Fig. 4E) . In most cases of GBM NG22 implants, no human cells could be detected; however, occasionally a few scattered HN+ cells could be observed (Fig. 4F) . One possible reason for the low tumorigenic competency of the GBM NG22 cells is that they were normal cells contaminating our cell lines. Therefore, to exclude this possibility and confirm that both GBM NG2+ and GBM NG22 cells were tumor cells and not contaminating normal cells, we performed array comparative genomic hybridization (aCGH) on both populations. The data showed that both GBM NG2+ and GBM NG22 cells from 2 GBM cell lines tested had a molecular cytogenetic profile that was typical of GBM, including chromosome 7 gain and chromosome 10 deletion ( Fig. 4G and H) .
Interestingly, aCGH analysis showed subtle differences at the molecular cytogenetic profiles between the GBM NG2+ and GBM NG22 cells. The differences from one GBM sample are highlighted in Figure 4G and H, and a summary of the differences from 2 GBM samples are shown in Supplementary Material, Table  S4 . It is not possible based on our data to comment further on the significance of these cytogenetic variations owing to the natural heterogeneity of GBM.
Microarray Analysis Reveals a Distinct Molecular Signature of GBM NG2+ Cells Compared with GBM NG22 Cells from the Same Patient
To understand the molecular basis of our findings, expression microarray was performed on the GBM NG2+ and GBM NG22 populations derived from 2 GBM cell lines G25 and G30 (3 biological repeats for each GBM NG2+ and GBM NG22 population in each cell line; Fig. 4I ). Expression array data were analyzed according to the following criteria: detection rate .6.5, coefficient difference ,2.5 or ..5, and adjusted FDR P , .05.
These data showed that 521 genes in G25 and 299 genes in G30 were overexpressed by the GBM NG2+ population compared with the GBM NG22 population (see Supplementary Microarray Data). When the 2 cell lines were matched together, the list of genes that were overexpressed in the GBM NG2+ cells compared with the GBM NG22 cells was shortened to include 134 genes. This in part reflects the high level of heterogeneity in GBM and highlights the possible wide range of potential mechanisms that can control the neoplastic process in different patients. Also, it led us to focus on comparing the GBM NG2+ and GBM NG22 populations in individuals rather than across several patients.
Interestingly, the genes overexpressed in the GBM NG2+ cells compared with the GBM NG22 cells include many members of the Mitosis and Cell Cycle Module (MCCM), which has previously been described. 36 -39 These include the Cell Division Cycle (CDC) family (CDC2, A4, A7, 25A, 28, 45), the Micro-Chromosome Maintenance (MCM) family (MCM2, 3, 4, 5, 6, 7, 8 and 10) , and the Cyclin family (Cyclin D1, Cyclin E2, Cyclin F). In addition, several transcription factors were overexpressed in the GBM NG2+ cells, including Maternal Embryonic Leucine Zipper kinase (MELK), transcription factor AP-2 gamma (TFAP2C), and the E2F family (E2F7 and E2F2).
The genes overexpressed in the GBM NG2+ cells were further analyzed using GeneTrail Enrichment Tools providing a description of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, Transfac, Transpath, and GeneOntology (see Supplementary Microarray Data).
Briefly, KEGG pathway studies showed that the GBM NG2+ population expressed genes responsible for DNA replication, cell cycle, and purine and pyrimidine metabolism pathways. Also, Transfac and Transpath studies demonstrated that the E2F transcription factor family was among the overexpressed genes.
Next, we studied the GeneOntology profiling, which gives an overview of the functional subcategories of the given sets of genes. We found that overexpressed genes in the GBM NG2+ population could be grouped into more than 200 subcategories. The most statistically significant among them were related to M phase, cell cycle, cell division (MCCM genes), and DNA modeling and repair (e.g., RAD51AP, POLE, TOP2A, CHEK1, TYMS; see Supplementary Microarray Data).
This distinct genetic signature is consistent with the observed characteristics and proliferative advantage of the GBM NG2+ cells and further supports the implication of the GBM NG2+ cells in cell proliferation in GBM.
Genes Associated With NG2+ Progenitors Are Widely Expressed in Astrocytic Tumors
In the normal brain, NG2+ progenitors coexpress NG2, Olig2, and PDGFRa. However, no quantitative data are available regarding the expression of all these markers in brain tumors. We therefore screened the prevalence of the expression of the mRNA of these genes in brain tumors.
We examined the expression of these markers in Table S5 ). When we examined the GBM cohort in more detail, we noted that most tumors expressed Olig2 (87%), PDGFRa (72%), and NG2 (77%; Supplementary Material, Fig.  S4A-S4C , Table S5 ). Two GBM tumors (GBM #2 and #14) lacked the expression of 2 markers, and only 1 GBM tumor (GBM #31) lacked the expression of all 3 markers (Supplementary Material, Fig. S3A-C) .
These data were further supported by consulting random independent expression microarray datasets of 101 GBM samples published in Gene Expression Omnibus (Series Record: GSE8692, GSE3185, GSE9171, and GSE4290). All these independent datasets showed similar widespread expression of genes associated with NG2+ progenitors in astrocytomas, including GBM (Supplementary Material, Table S6 ).
The NG2 Proteoglycan Is Expressed by GBM Tumors
To confirm translation of the NG2 gene, we analyzed its expression in GBM tumors using immunohistochemistry. Our results confirmed expression of the proteoglycan NG2 in all tested GBM tumors (n ¼ 17; selected example is shown in Fig. 5 ). The GBM NG2+ cells in the tumors were round-shaped (Fig. 5A ) and lacked the characteristic processes described in normal processbearing NG2+ progenitors in the normal adult brain. Quantitative analysis showed that the proportion of GBM NG2+ cells varied among different samples (n ¼ 10; mean ¼ 30%; range ¼ 6% -77% of total GBM cells).
Interestingly, we observed that the distribution of the GBM NG2+ cells in GBM tumors was not homogeneous and formed uneven, colony-like foci that were frequently located around and near blood vessels ( Fig. 5A and B) .
Since NG2 is also expressed by vascular cells in the nervous system, 42 we wanted to determine whether the observed GBM NG2+ cells were of neural or vascular nature. We therefore tested the coexpression of NG2 and von Willebrand factor (vWF), a marker of endothelial cells, 43, 44 and PDGFRb, a marker of pericytes in normal and pathologic vessels. 42,45 -47 Five different GBM tumors were used. We found negligible coexpression between NG2 and vWF ( Fig. 5C and  D) , as very few vWF+ cells expressed NG2 at the luminal surface.
Similarly, few GBM NG2+ cells were positive for PDGFRb (mean ¼ 7%; range ¼ 0:5% -29%; Fig. 5E and F), and only a small population of pericytic GBM NG2+/PDGFRb+ cells could be observed within the total GBM cell population (mean ¼ 2%; range ¼ 0:25-8% of total GBM cells; Fig. 5F ; Supplementary Material, Table S7 ).
Next, we screened immunohistochemically the GBM tumors for the expression of other markers associated with NG2+ progenitors. Similar to NG2, our data showed that Olig2 and PDGFRa were expressed in all tested GBM tumors (Supplementary Material, Fig. S5 ; negative controls are shown in Supplementary  Material, Fig. S6 ).
The Phenotypic Identity of the GBM NG2+ Cells and Normal NG2+ Progenitors is Distinct
Normal NG2+ progenitors can be identified by the coexpression of 3 markers (NG2, Olig2, PDGFRa). Exploring the coexpression pattern of these 3 markers gives us the opportunity to interrogate the phenotypic identity of the GBM NG2+ cells and compare it with that of NG2+ progenitors. We observed a small GBM NG2+/Olig2+ cell population that coexpressed NG2 and Olig2 (mean ¼ 1%; range ¼ 0:2% -5% of total GBM cells; Fig. 6A ). Notably, most GBM Olig2+ cells expressed NG2 (mean ¼ 81%; range ¼ 18% -100%; Supplementary Material, Table S7 ), but only a small proportion of GBM NG2+ cells were Olig2+ (mean ¼ 5%; range ¼ 0.3% -15%; Supplementary Material, Table S7 ). Also observed were GBM NG22/Olig2+ cells (mean ¼ 1%; range ¼ 0% -6% of total GBM cells; Fig. 6B ) and GBM NG2+/Olig22 cells (mean ¼ 47%; range ¼ 16% -70% of total GBM cells; Fig. 6C ).
With respect to the coexpression of NG2 and PDGFRa (Fig. 6D) , a large proportion of GBM NG2+ cells were consistent with PDGFRa+ (mean ¼ 86%; range ¼ 51% -100%; Supplementary Material, Table  S7 ), whereas on average half the GBM PDGFRa+ cells were NG2+ (mean ¼ 55%; range ¼ 27% -75%; Supplementary Material, Table S7 ). Also found were GBM NG22/PDGFRa+ cells (mean ¼ 26%; range ¼ 2% -54% of total GBM cells; Fig. 6E ) and a small proportion of GBM NG2+/PDGFRa2 cells (mean ¼ 2%; range ¼ 0% -5% of total GBM cells; Fig. 6F ).
These data show that the coexpression patterns of NG2, Olig2, and PDGFRa in GBM samples were distinct from the pattern reported in NG2+ progenitors in the normal brain. Specifically, the marker expression was more variable and did not appear to adhere to any specific developmental pattern.
Discussion
GBM NG2+ Cells Exhibit Robust Proliferation Compared With GBM NG22 Cells from the Same Tumor
The expression of NG2 in GBM has been described previously 33, 48, 49 and implicated in invasion, angiogenesis, and resistance to chemotherapy. 50 -52 However, a detailed description of the proliferative ability and tumorigenic potential of the GBM NG2+ population has not been described.
Our data reveal that GBM NG2+ cells show proliferative dominance compared with GBM NG22 cells from the same patient. This advantage is not related to external cues and appears to be a cell-autonomous process. Thus the GBM NG2+ cells exhibit robust proliferation in the absence of mitogens or under differentiation conditions. This cell population also exhibits a higher level of clonogenicity compared with the GBM NG22 population from the same patient. These in vitro data are validated in vivo using clinical samples confirming a similar proliferative advantage in the GBM NG2+ cells from GBM tumors. Our quantitative results indicate that NG2 expression delineates approximately 80% of actively cycling cells in multiple GBM tumors. This oncogenic advantage is maintained across all patients studied but with significant variability between individual subjects. These data raise the possibility that the growth of GBM could be significantly slowed by appropriate therapeutic targeting of the NG2 population in a subset of patients with GBM.
To further support our observations, we compared the genetic profile of the GBM NG2+ and GBM NG22 cells from the same tumor. Data from expression microarray reveal a distinct molecular signature of the GBM NG2+ cells characterized by the expression of genes associated with cell proliferation and cycling. It is well recognized that GBM tumors express MCCM genes that are involved in mitosis and cell cycling and are linked to higher-grade gliomas and clinically to poor survival. 36 -38,53 Our data indicate that these MCCM genes are overexpressed and enriched in the GBM NG2+ cells. The GBM NG2+ cells also overexpress a group of genes that can play significant roles in different aspects of the neoplastic process. These include transcription factors involved in proliferation, such as AP-2 gamma, MELK, E2F, 54 -57 and components of DNA replication, DNA repair, and nucleotide metabolism such as DNA polymerase y, thymidine kinase, and RAD51. 58 -60 These data show that enriching for GBM NG2+ cells identifies a population able to maintain the robust proliferation and growth of clinically symptomatic GBM.
The Role of NG2 in Cancer Remains to be Clarified
Recent data raise the possibility of a direct role for NG2 in cell proliferation in vitro 61 and in an NG2 knockout model. 62 The NG2 cytoplasmic domain can be phosphorylated by PKC (protein kinase C) and ERK (extracellular signal -regulated protein kinase), and, interestingly, the site of phosphorylated residues can determine the cell surface distribution of NG2 and its involvement in cell proliferation or invasion. 63 In GBM NG2 may mediate cell proliferation indirectly by maintaining a progenitor state possibly by facilitating growth factors/receptor interaction. 64 NG2 has been shown to bind platelet-derived growth factor-AA and facilitates its presentation to PDGFRa. 65 Consistent with this are studies showing that normal activation of PDGFRa requires direct interaction with NG2. 64, 66, 67 Similar observations have been reported regarding the NG2 interaction with other growthpromoting factors such as integrins, basic fibroblast growth factor, fibroblast growth factor receptors 1 and 3, epidermal growth factor receptor, and mitogenactivated protein kinase. 62,63,65,68 -71 The expression of NG2 has also been described in a variety of other cancers, including breast, 72 melanoma, 73 chondrosarcomas, 74 and hematopoetic malignancies. 75 -79 Its expression is often associated with an aggressive clinical phenotype and poor prognosis. In GBM the expression of NG2 is associated with GBM migration, angiogenesis, and proliferation, which are recognized hallmarks of cancer. 80 It remains to be determined whether the proteoglycan has a direct mechanistic role in these processes or serves an accessory function. Expression may also be associated with resistance to chemotherapy 50 and radiotherapy (Dr. Checkenya; personal communication).
Coexpression of Markers Associated with the Oligodendroglial Lineage are Widespread in Astrocytoma
To date there has been no characterization of the pattern of coexpression of the glial progenitor markers NG2, Olig2, and PDGFRa in GBM, and it is not known whether the coexpression pattern of these markers reported in the normal CNS is recapitulated in GBM. NG2 expression is widespread in murine glioma 81 -83 but is more variable in human samples, being either widespread 33, 48 or absent 84 . Data on Olig2 expression in human GBM have also given conflicting results. 85 -95 Less controversial is the expression of PDGFRa in GBM, which has been shown to be widely expressed in gliomas of all grades, with frequent amplifications in GBM. 96 -99 Most of these reports addressed the expression of individual markers rather than patterns of coexpression. A small number of studies analyzed the expression of the NG2+ progenitor markers Olig2 and NG2 in an attempt to develop a diagnostic tool for oligodendrogliomas. 84, 100 Others used the screening studies of NG2, Olig2, or A2B5 expression to infer the histiogenesis of GBM and other gliomas. 32, 100 In our series, approximately 80% of GBM tumors expressed the 3 markers NG2, Olig2, and PDGFRa. This enabled us to characterize the coexpression of these markers and compare it with patterns expressed by glial progenitors in the normal brain. 9,22 -30,101 Our quantitative analysis confirms that the pattern of coexpression is distinct from the highly stereotyped pattern seen in the normal brain. Marker expression was more variable and did not appear to adhere to any specific developmental pattern. As a result, GBM NG2+ cells did not recapitulate the phenotypic characteristics seen in normal NG2+ progenitors in the normal brain.
We are not able to comment on any relationship between CD133 and NG2, since we are not proposing that NG2 is a cancer stem cell marker. In our samples, CD133+ and CD133 -GBM cells proliferate equally (unpublished data) and expression is variable. For these reasons, together with a growing body of evidence suggesting that the importance of CD133 in GBM should be treated with caution, 102 we have not pursued this further.
The expression of a specific developmental marker in cancer does not confirm its origin from normal cells that expressed the same marker. 103 Hence the expression by GBM cells of markers associated with normal NG2+ progenitors does not constitute evidence that NG2+ progenitors are the cells of origin of GBM. It is plausible that these markers were expressed de novo in a stochastic manner as a result of environmental selective pressure.
Most NG2 Cells in Glioblastoma Are Not Pericytes
NG2 is expressed by pericytes and has also been implicated in normal blood vessel formation and pathologic angiogenesis in GBM. 52, 104, 105 Detailed studies have shown a sparse distribution of pericytes in GBM vasculature compared with normal blood vessels, 48, 106, 107 reflecting the dysregulation of normal pericyte-endothelial biology in GBM.
In our samples the expression of the pericytic marker PDGFRb was sparsely distributed, and only a small number of PDGFRb+ pericytes could be observed in the tumors. Nearly all PDGFRb+ pericytes express NG2, but only a small number of GBM NG2+ cells express PDGFRb. Similarly the coexpression of NG2 with the endothelial marker vWF was observed in only a small number of cells.
We show that cells expressing NG2 in GBM (GBM NG2+ cells) comprise a sub-population with a distinct proliferative advantage in clinically symptomatic patients. We also confirm that the GBM NG2+ cells can be interrogated directly from tumour samples avoiding a phase of cell culture. Targeting this proliferating compartment of GBM could attenuate disease progression and may even improve survival in a subset of patients.
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